We report the preparation and employability of carbon-coated Fe 3 O 4 (Fe 3 O 4 /C) microspheres functionalized with chloroacetic acid (CAA) for the removal of methylene blue (MB) in aqueous solution. The prepared magnetic microspheres (Fe 3 O 4 /C-CAA) were characterized by the following techniques: X-ray diffraction, transmission electron microscopy, Fourier-transform infrared spectrometer, vibrating sample magnetometry, and Brunauer-EmmettTeller. The characterization results showed that Fe 3 O 4 /C microspheres were modified by CAA without any phase change. Fe 3 O 4 /C-CAA microspheres have higher adsorption capacity for MB compared to Fe 3 O 4 /C microspheres. The Langmuir, Freundlich, and Temkin adsorption models were applied to describe the equilibrium isotherms, and the Langmuir adsorption model fitted well with the equilibrium data. The pseudo-first-order and pseudo-secondorder kinetic models were used to describe the kinetics data. However, the pseudo-second-order kinetic model fitted better with the adsorption kinetics data.
Introduction
Dyes are widely used in various industries such as textiles, pulp mills, paper, printing, leather, plastics, etc., causing water pollution [1] . Because most of the industrial dyes are very harmful to human health and the environment, numerous techniques were adopted for their removal from contaminated waters [2] . Among different dye removal techniques, adsorption has been considered as one of the most promising techniques for removing dyes from industrial wastewaters, due to its high efficiency, simplicity, and reusability [3, 4] . Recently, magnetic materials have attracted considerable attention as adsorbents because of their simple and fast separation properties under external magnetic fields [5] [6] [7] . Magnetite (Fe 3 O 4 ) has been the most widely studied among all magnetic materials due to its easy preparation, easy surface modification, easy operation, good recoverability, and excellent dispersibility in aqueous solution [8] . Its functionality has been recognized as one of the most intriguing methods to control adsorption of the target molecules. Synthesis and application of functionalized magnetic particles have been a hot topic. Carbon is a versatile material for functionalization of magnetite, due to their chemical stability, biocompatibility, possibility of surface modification, and pore creation [9] . Many research groups have explored the magnetic materials functionalized by carbon-based materials such as C 18 [10] , graphene [11] , graphene oxide [12] , carbon nanotubes [13] , and activated carbon [14] . As one of the carbon-functionalized magnetic materials, hydrophilic carbon-coated magnetic materials (Fe 3 O 4 /C) have gained great interest as a low-cost adsorbent. It has been prepared by the introduction of a carbon precursor such as glucose onto the magnetic surface followed by carbonization with a hydrothermal reaction. Finally, it has been successfully used as an adsorbent for polycyclic aromatic hydrocarbons, pesticides, dyes, etc. [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, many previous research works only focused on the synthesis and application of Fe 3 O 4 /C, and little work has been reported on their surface chemical modification for improvement of adsorption performance. In this study, a novel magnetic adsorbent was developed for the adsorption enhancement of dyes by the surface modification of Fe 3 O 4 /C, which is depicted in Figure 1 . The modified Fe 3 O 4 /C (denoted as Fe 3 O 4 /C-CAA) was characterized by transmission electron microscopy (TEM), Fouriertransform infrared (FT-IR) spectrometry, X-ray diffraction (XRD), vibrating sample magnetometry (VSM), and Brunauer-Emmett-Teller (BET). Methylene blue (MB) was selected as the model dye, and its adsorption behaviors on Fe 3 O 4 /C-CAA were systematically evaluated.
Experimental

Materials
MB was purchased from Guangdong Xilong Chemical Company. All other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shenyang, China). All chemicals were of analytical grade and used as received without further purification. Only deionized water was used to prepare aqueous solutions in the experiments. 
Preparation of Fe 3 O 4 and Fe 3 O 4 /C microspheres
Characterization of magnetic microspheres
The TEM images were determined on a Tecnai G220 microscope (Fei, USA) with an accelerating voltage of 200 kV. The crystal structure was characterized by an X'pert Pro diffractometer (PANalytical, Holland) with Cu Kα radiation (λ = 0.15406 nm) from 20° to 70°. FT-IR spectra in KBr were obtained by using Vertex70 FT-IR spectrometer (Bruker, Germany). The magnetic properties of Fe 3 O 4 /C and Fe 3 O 4 /C-CAA microspheres were measured using a vibration sample magnetometer with an applied field between −10 and +10 kOe at room temperature (Lakeshore, serial no.1740H, REV-127, USA). Nitrogen adsorption isotherms of the synthesized products were obtained from an ASAP 2020 HD 88 instrument. 
Adsorption of MB by Fe 3 O 4 /C-CAA microspheres and regeneration of adsorbents
Batch adsorption experiments were carried out to evaluate the adsorption ability of Fe 3 O 4 /C-CAA microspheres for MB removal from an aqueous solution. MB solutions of desired concentration were prepared by suitable dilution of the stock solution, and their pH was adjusted using a 0.1 m HCl or NaOH solution. The ionic strength of the solution was varied between 0 and 0.2 m using NaCl. Ten milligrams of the adsorbent was dispersed in 20 ml MB aqueous solution, and the suspension was shaken with an oscillator (150 rpm) for a certain time to reach equilibrium at 25°C. At preselected time intervals, Fe 3 O 4 /C-CAA microspheres were isolated from the solution using a magnet. The concentration of MB in solution was analyzed by using a TU-1900 UV-visible adsorption spectrophotometer (Beijing Purkinjie General Instrument Co., Ltd., Beijing, China) at 660 nm. The amount of MB adsorbed (q t , mg g −1 ) was calculated using the following equation:
where C 0 (mg l [25] . The result implies that the outer shell is amorphous 
Adsorption properties of the Fe 3 O 4 /C-CAA microspheres 3.2.1 Effect of CAA concentration
The effect of CAA concentration on the adsorption of MB by solution. With further increase of CAA concentration, the adsorption capacity slightly decreased, indicating that the moderate CAA concentration was beneficial to enhance the adsorption removal of MB onto Fe 3 O 4 /C-CAA microspheres. Thus, 0.01 m was selected as the optimum concentration.
Effect of pH
The effect of pH on the adsorption of MB by the increased with increasing pH of the solution over the range from 3.0 to 11.0. The higher adsorption amount at higher pH of solution was due to the deprotonation of the surface groups on magnetic microspheres. Thus, the stronger electrostatic interaction that existed between magnetic microspheres and MB enhanced the adsorption amount of MB on Fe 3 O 4 /C-CAA microspheres. The adsorption capacity of the Fe 3 O 4 /C-CAA microspheres was higher than that of Fe 3 O 4 /C over the whole range of pH 3-11, which could be due to the contribution of oxygen-containing groups added by CAA.
Effect of ionic strength on the adsorption
The effect of ionic strength on the adsorption of MB was investigated by adding NaCl in 200 mg l −1 of MB solution at pH 11 ( Figure 9 ). Figure 9 illustrates the adsorption capacities of Fe 3 O 4 /C-CAA microspheres with MB, which significantly decreased with the increasing of NaCl concentration. This phenomenon is attributed to the competitive effect of Na + on binding sites, which increased with the NaCl concentration [28] .
Adsorption kinetics
The effect of contact time on the adsorption of MB by ,
where q m is the maximum adsorption capacity per unit weight of adsorbent (mg g ). The kinetic constants using the pseudo-first-order and pseudo-second-order kinetic models are shown in Table 1 .
As shown in Table 1 , the calculated correlation coefficient (R 2 = 0.9977) of the pseudo-second-order model was higher than that of the pseudo-first-order model (R 2 = 0.9738). These results indicate that the pseudo-second-order model fitted well with the experimental data and could be used to describe the adsorption kinetics of MB onto Fe 3 O 4 /C-CAA microspheres (Figure 11 ).
Adsorption isotherms
The adsorption of MB by Fe 3 O 4 /C and Fe 3 O 4 /C-CAA microspheres were studied in MB solution (pH 11) with various concentrations ranging from 0 to 250 mg l −1 for 210 min at 25°C (Figure 12 ). As shown in Figure 12 , the adsorbed amounts of MB on Fe 3 O 4 /C-CAA microspheres increased rapidly from 0 to <200 mg l −1 with the MB concentrations. ). The experimental data for adsorbed MB on Fe 3 O 4 /C-CAA microspheres were analyzed using the Langmuir, Freundlich, and Temkin models [30] [31] [32] .
The equations are listed below:
Freundlich model :
Temkin model l n ln , : e T e q B K B C = +
where q e is the equilibrium adsorption capacity per unit weight of adsorbent (mg g , which was higher than those of other materials published in the literature [21, 23, 33, 34] (Table 3) . Due to their good adsorption performance on dyes and easy separation under an external magnetic field, superparamagnetic Fe 3 O 4 /C composite materials have been considered as promising adsorbents for removing organic dyes from polluted water [21, 23] . CAA-modified Fe 3 O 4 /C, 
Regeneration and reuse of Fe 3 O 4 /C-CAA microspheres
In order to test the regeneration and reusability of Fe 3 O 4 / C-CAA microspheres, the MB adsorption-desorption cycle was repeated four times using the same magnetic microspheres ( Figure 14) . As shown in Figure 14 , at the fourth cycle, the relative adsorption capacity of Fe 3 O 4 /C-CAA for MB was 88.5%, much higher than that of Fe 3 O 4 /C whose relative adsorption capacity for MB decreased to 59.0% at the fourth cycle [23] . Fe 3 O 4 /C-CAA showed good reusability for MB adsorption. 
Conclusions
